The equalization strategy simply based on cell voltage or state of charge is used in pure electric racing car. However, there is deviation in estimating state of charge or detecting cell voltage, which causes switches to open and close frequently or improperly, lowing equalization efficiency. Taking energy utilization and equalization efficiency into account, according to the actual operating characteristics of lithium batteries, we studied one new equalization strategy combined cell voltage and state of charge. First of all, one kind of lithium battery model was built and then the active equalization circuit based on the battery model was also built. Secondly, the equalization strategy was simulated. At last, one discharge experiment on the equalization module was conducted. The simulation and experiment results show that our strategy can improve energy utilization, reduce opening and closing times of switches and obtain better equalization effects.
INTRODUCTION
Pure electric racing cars are becoming popular in various domestic competitions. Lithium batteries are series connection in pure electric racing cars, and the battery has different characteristics in terms of initial capacity, resistance and self-discharge ratio [1] . The inconsistency of batteries has a serious impact on the performance of battery packs [2] . To solve this problem, on the one hand, batteries are sorted before usage by test and those with good consistency are selected [3] . On the other hand, the inconsistency will be limited within a reasonable range through appropriate equalization technology. At present, the study on equalization technology is focused on equalization strategy and equalization structure. The effect is not good when the related research applied to complex driving conditions. Equalization strategy focuses on equalization standards and control methods. Reference [4] used voltage as equalization standards to judge inconsistency of batteries and verified working effects of the equalization on improvement of inconsistency under different conditions, such as shelving, charge and discharge; Reference [5] used state of charge (SoC) as equalization standards to amend the actual capacity of the battery; Reference [6] used voltage or SoC respectively as equalization standards to verify the equalization effects of same batteries. For equalization methods, in Reference [7] the equalization current was controlled based both on fuzzy control theory and the current voltage. Reference [8] used Simulink to build equalization model, simulated and verified the control algorithm by using SoC as equalization standard. Reference [9] proposed one equalization method based on different modes of control strategies. Equalization structures are multiple. Reference [10] proposed one distributed active equalization system based on inductance; Reference [11] proposed one active equalization solution based on transformer to optimize the duty ratio; Reference [12] equipped with an equalization unit for each battery, but the structure was complex and the practicality was not good.
This paper used the combination of voltage and state of charge as equalization standards, built equivalent circuit model for lithium batteries and equalization structure based on the battery model. The equalization strategy was applied to the equalization structure. The simulation and experiment were conducted to prove that our strategy can improve energy utilization and avoid the switches opening and closing frequently.
II. EQUALIZATION STRATEGY FOR BATTERY PACK

A. Equalization Standard
We conduct the discharge experiment for pure electric racing car by using 16Ah lithium battery. The characteristic curve of cell voltage during discharge is shown in Fig. 1 . The figure shows that the cell voltage and SoC are positive correlation. We define it as plateau when SoC is in a range of 20%~80% and the cell voltage changes gently. Outside of the plateau, voltage changes drastically and easy to fluctuate. At the beginning or end of discharge, the cell voltage is sensitive to the changes of SoC and has measurement deviation. If the equalization strategy is based on voltage, it is likely to cause the switches to open and close frequently, increasing energy consumption. To make matters worse, the battery maybe overcharge or over-discharge. Therefore, we select SoC as the equalization standard at this stage and decrease equalization threshold. On the contrary, the voltage is not sensitive to the change of SoC at the plateau and the voltage is easy to measure, so we select voltage as equalization standard and increase the equalization threshold at this stage.
B. Equalization Threshold
We select SoC as equalization standard outside of plateau. In order to confirm the equalization threshold, we define two equations as follows
Where n q δ ,called difference value of SoC between two adjacent batteries at any time; n q , represents the SoC of any battery, n=(1,2,3,…); q Δ ,called equalization threshold of the battery pack under the current SoC; h(SoC),called threshold tendency function, SoC represents the current remaining capacity of the battery pack; 0 q ,represents the minimum equalization unit.
We know that the closer to the cut-off voltage the more likely to lead to overcharge or over-discharge, so we use threshold tendency function h(SoC) to make equalization threshold smaller when it closes to the cut-off voltage. The
When SoC varies from 0 to 20%, h(SoC) is linearly increased and when SoC varies from 80 to 100%, h(SoC)is linearly decreased. If the difference value of SoC between two adjacent batteries reaches equalization threshold, the process of equalization will start.
We select voltage as equalization standard at the plateau. We define one equation
Where r, represents difference value of voltage between two adjacent batteries at any time; v i , represents cell voltage. The r is defined as a constant at the plateau because the voltage changes smoothly. When r=25mV, the equalization process will start.
C. Equalization Strategy
Cell voltage is detected and SoC is estimated at any moment in the process of charge and discharge. Equalization will start when the difference value of SoC between two adjacent batteries reaches equalization threshold outside of the plateau. Energy with high capacity battery will be transferred to the low one. The case can be done in the same manner when the battery is in the plateau. After these two stages, the voltage or the SoC of adjacent batteries are controlled within the threshold in the process of charge or discharge. The battery pack can be filled or released more energy and energy utilization will be improved.
The flow in Fig. 2 shows the process of equalization. 
III. BATTERY MODEL BUILDING AND SIMULATION OF
EQUALIZATION STRATEGY
A. Battery Model Building
With the rebound voltage and the hysteresis voltage of the battery been considered, the battery model can be equivalent to one equivalent voltage source and a series of equivalent impedance. The non-linear relation between hysteresis voltage V h and Electro-Motive Force(EMF) can be expressed as controlled source. The equivalent impedance model can be expressed by the third order RC network. The equivalent circuit model is shown in Fig. 3 . The characteristic of rebound voltage can be described by the equivalent impedance model. According to the experimental data, we adopt (3) to fit the curve of rebound voltage and obtain the parameter values of the model.
Where ( ) C u t ,represents cell voltage at any time; R Ω ,represents ohmic resistance; R s , R m , R l , represent the resistance values of the third order RC network; C s , C m , C l ,represent the capacitance values of the third order RC network; i(t) represents current at any time.
We adopt Simulink to build the equivalent circuit model of the battery. The simulation structure of battery model is shown in Fig. 4 . 
B. Simulation of Equalization Strategy Based on Battery Model
The battery model can be applied to an equalization structure with many batteries in series. Taking three adjacent batteries as an example, we can make the energy transferred between the adjacent batteries by controlling the MOSFET. If the difference value of voltage or SoC between adjacent batteries below the threshold, the process of equalization stops. Simulation structure of inductance-based equalization is shown in Fig. 5 . Outside the plateau, we set three batteries' initial SoC of 0.92, 0.90, 0.88. The simulation result is shown in Fig. 6 . It is shown that, at the end of the equalization, the difference values of SoC between adjacent batteries are within 0.5%, which indicates better equalization performance. In the plateau, we set three batteries' initial voltage of 3.65V,3.69V and 3.72V. The simulation result is shown in Fig. 7 . It is shown that, at the end of the equalization, the difference values of voltage between adjacent batteries are within 8mV, which also indicates better equalization performance. 
IV. EQUALIZATION EXPERIMENT
We use five batteries of 16Ah, called B1, B2, B3, B4, B5, as experimental samples. The experiment is conducted under the constant temperature of 25 ºC. The batteries' capacity should be calibrated at first before the experiment, after that the battery was fully charged.
To examine the effect of the equalization, the experiment was divided into four groups: (1) no equalization, (2) equalization based on the cell voltage, (3) equalization based on the SoC, and (4) equalization combined voltage with SoC. In the experiment, if any one battery reaches the cut-off voltage (3.2V), the process of discharge will stop immediately. The voltage distribution and the released electric energy of the battery pack were recorded at the end of discharge. Then each cell discharges individually and the total electric energy was recorded. During the experiment, opening and closing times of the switches were also recorded. Considering the complicated driving conditions of electric racing car, we use the Urban Dynamometer Driving Schedule (UDDS) to test the effect of equalization.
The voltage comparison of four methods at the end of discharge is shown in Fig. 8 . We can see that the voltage distribution of the fourth group is closer to cut-off voltage at the end of discharge. It shows that this method can effectively prevent batteries from over-discharge. The state of charge comparison of four methods at the end of discharge is shown in Fig. 9 . The sum of SoC of four methods after discharge respectively is 11.7%, 7.8%, 5.3% and 4.9% of the total capacity. The results show that the battery has higher energy utilization by adopting the fourth method. Comparison of opening and closing times during discharge is shown in Table 1 .There is only 12 opening and closing times of switches during discharge by using our equalization method. Therefore, it has better effect in avoiding switches opening and closing frequently and higher efficiency of equalization. V. CONCLUSIONS
In this paper, one kind of equalization strategy combined cell voltage with SoC was proposed.
The battery model and equalization structure based on the battery model were built by using MATLAB/Simulink. The equalization strategy was simulated. Results show that our strategy works well.
The equalization experiment was conducted by using the Urban Dynamometer Driving Schedule. The results show that our strategy has a better effect to avoid battery overcharge or over-discharge. Meanwhile, it also increases energy utilization and has better effect in avoiding switches opening and closing frequently.
Cycle index and aging degree of batteries should be taken into account in the future studies. The equalization threshold can be optimized to make equalization efficiency and energy utilization better.
